Room temperature molten salts that have tetrafluoroborate anion, l-ethyl-3-methylimidazolium tetrafluoroborate (EMIBF4) and 1-butylpyridinium tetrafluoroborate (BPBF4), were prepared and characterization o f these ionic liquids, such as thermal property, electrochemical stability, density, ionic conductivity, viscosity and diffusion coefficient, has been conducted. Walden products, which are calculated by molar conductivity and viscosity, exhibit good linear correlation. Pulse-gradient spin-echo NMR (PGSE-NMR) method was used to determine self-diffusion coefficient, and the results indicated that the cation and the anion for these ionic liquids diffuse almost equally. The relationship between the diffusion coefficient and viscosity is considered in terms of Stokes-Einstein equation, and the ionic conductivity and ionic mobility are discussed using Nernst-Einstein relation.
INTRODUCTION
Non-chloroaluminate room temperature molten salts have been explored following the pioneering studies o f Wilkes (1) . It is well known that certain combinations o f imidazolium cation, and bulky and soft anions form ionic liquids at or near the room temperature (2-7). The advantages o f these ionic liquid systems are their stability to water, high ionic conductivity, wide electrochemical window, non-volatility, thermal stability and non-flammability. Thus, many works have been conducted to introduce them into applications (8) (9) (10) (11) (12) (13) (14) (15) (16) . We report the electrochemical and physicochemical properties for 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIBF4 ) and 1-butylpyridinum tetrafluoroborate (BPBF4) in this paper.
EXPERIMENTAL Synthesis
The imidazolium chloride and the pyridinium chloride were synthesized according to the procedure described in earlier publications (16, 17) , and anion exchange
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Measurements
Differential scanning calorimetry (DSC) was measured by using a Seiko Instruments DSC 220C. The samples for DSC measurements were tightly sealed in A1 pans in an argon atmosphere glove box (VAC, [C>2]<1 ppm, [H20]<1 ppm). Thermograms were recorded during cooling (100 to -150°C ) scans, followed by heating (-150 to 100°C) scans at cooling and heating rate o f 10 Km in'1. Electrochemical windows for EMIBF4 and BPBF4 were checked by cyclic voltammetry using a three-microelectrode cell at ambient temperature. The three-microelectrode cell consists o f a tip o f a Pt wire (50 pm diameter, sealed in a glass capillary) as a working electrode, a Pt wire (400 pm diameter) as a counter electrode, and an Ag/AgCl wire (400 pm diameter) as a pseudo-reference electrode. The cyclic voltammetry was performed by using a BAS 100 B/W electrochemical workstation. The specific ionic conductivity for EMIBF4 and BPBF4 were determined by means o f the complex impedance measurements with stainless-steal blocking electrodes, using a computer controlled Hewlett-Packard 4192A LF impedance analyzer over the frequency range from 5 Hz to 13 MHz. A sample was filled between mirror-finished stainless-steel electrodes using a Teflon® ring spacer (13 mm outer diameter, 7 mm inner diameter, 2 mm thickness) and was sealed in a Teflon® container in the glove box. The measurements were carried out with cooling from 100 to -10°C , and the samples were thermally equilibrated at each temperature for at least 1 h before the measurements. Density measurement used a Kyoto Electronics Manufacturing Co., Ltd. Density/Specific Gravity Meter D A -100. The temperature range was between 20 to 40°C. Viscosity was measured with a Toki RE80 cone-plate viscometer under N2 atmosphere, and temperature control (80 to 0°C) was conducted with a Thomas TRL-108H circulation type handy-cooler. The PGSE-NMR measurements were made by using a JEOL GSH-200 spectrometer with a 4.7 T wide bore superconducting magnet, which is controlled by a TecMAG Galaxy system equipped with JEOL pulse field gradient probes and a current amplifier. The H and 19F spectra were measured with a !H/19F probe. The procedure of PGSE-NMR method followed the previous publications (18, 19) and the assistance of Hayamizu. The measurements o f the diffusion coefficients for the cation and the anion of each ionic liquid were made by using *H and iyF nuclei, respectively. The simple spin-echo pulse sequence was used for the diffusion measurements. The free diffusion echo signal attenuation, E, is related to the experimental parameters by (20) ,
where S is the spin-echo signal intensity, S is the duration o f the field gradient with magnitude g, y is the gyromagnetic ratio, and A is the interval between the two gradient pulses. In the present experiments, the g value used was 5,78 T m '1, the S was in the range o f 0 to 3.5 ms, and the A value used was 50 ms. A recycle delay sufficient in allowing full relaxation (i.e. ,>5Ti) was used between each transition. The linearity o f the plots was also consistent with the measured species in the fast exchange limit on the time scale o f A. The measurements were carried out with cooling from 100 to -10°C. The samples were thermally equilibrated at each temperature for 15 min before the measurements.
RESULTS AND DISCUSSION
The thermal properties for EMIBF4 and BPBF4 were studied using DSC thermograms. During cooling from 100 to -150°C, only heat capacity change corresponding to glass transition temperature (7g) can be observed for both ionic liquids. It means that the crystallization rates o f both ionic liquids are very slow, and the supercooled liquids are fairly stable. In the following heating scans, the thermograms show 7g, crystallization point (Tc) and melting point (Tm). The temperatures o f 7g and Tm for EMIBF4 are -89.4 and 14.7°C, for BPBF4 are -66.7 and 15.3°C, respectively. These melting points are rather close together, whereas the glass transition temperatures are considerably different.
The cyclic voltammetry for the ionic liquids was carried out to investigate the electrochemically stable potential windows. For EM1BF4, the irreversible reduction starts from ca. -2 V vs. Ag/AgCl, and the irreversible oxidation starts from at ca. 2 V. The electrochemical potential window o f BPBF4 is narrower than that o f EMIBF4 and the cathodic limit is ca. -1 V.
The pyridinium structure is more easily reduced than the imidazolium structure. Arrhenius plots o f calculated molar conductivity drawn from the density results and specific ionic conductivity are presented in Fig. 2 . The temperature dependence of molar conductivities show positively curved-profile as they can be expressed by VTF equation.
The temperature dependence of viscosity also does not obey Arrhenius equation; however, it obeys the VTF equation, instead.
Viscosity o f each ionic liquid gradually increases as the temperature decreases (Fig. 3) . Since the results of conductivity and viscosity are expected to have some correlation, the applicability of Walden rule is examined. The relationship between molar conductivity and the reciprocal of viscosity for the ionic liquids show good linear relationship, as shown in Fig. 4 . Correlation factors for both ionic liquids are close to unity. It means that these systems obey Walden rule, i.e., the mobility change of their ions is directly dominated by the viscosity change and that the carrier number does not greatly change in the measuring temperature range.
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The PGSE-NMR method is non-invasive, and it is possible to independently measure the self-diffusion coefficient of each ionic component in the system under the study, provided that the components contain NMR sensitive nuclei. In this measurement, ]H and 19F were detected for the cation and anion, respectively. Fig. 5 exhibits one of the results of PGSE-NMR measurements (the relationship between left-hand term and right-hand term in equation [1] ), and each set of result shows good linear relationship, and the diffusion coefficient is obtained by the slopes of each plot with equation [1] . Arrhenius plots of diffusion coefficient of the cation (Action), anion ( A n i o n ) and their summation (Aation+Anion) for the ionic liquids are depicted in Fig. 6 . Temperature dependence of each diffusion coefficient also shows positively curved-profiles as the conductivity results. At 30°C, ( A a t io n + A n io n ) for EMIBF4 and BPBF4 is 5.5x1 O' 11 and 1.3xl0'n mV1, respectively. We can confirm from these results that high carrier number causes high conductivity of the ionic liquids, since the diffusion coefficients are not so high values. The comparison of diffusion coefficient between cation and anion reveals that cation and anion diffuse almost equally. Apparent cation transport numbers (Action/(A;atiorAAanion)) for both lOniC liquids are ca. 0.5 in this measurement temperature range, although van der Waals cationic and anionic sizes are different. The correlation between diffusion coefficient (D) and viscosity (77) is assumed to be expressed by the [2] where k is Boltzmann's constant, T is absolute temperature, and r is effective hydrodynamic (or Stokes) radius. The relationship between diffusion coefficient and the reciprocal o f viscosity shows a good linear relationship. The calculated Stokes radius, D tj and correlation factor (r2) are given in Table I [3] where N is the carrier number, and e is charge on each ion. Arrhenius plots o f the estimated conductivity (ob) and the conductivity obtained from complex impedance measurements (cr) are given in Fig. 7 . Comparing with the experimental data (o'), the calculated conductivity (ob) shows higher values in the measured temperature range. The Nemst-Einstein relation is derived without considering ionic association, which can not contribute to the ionic conductivity. Deviation o f o'from ob may indicate that the ionic association proceeds to some extent and/or that the activity o f each ion in the molten salts is lower than unity. The ratio o f conductivity value (a la b) shows a little temperature dependence.
Stokes-Einstein equation:
Above the melting point, the ratios ( o / ctd) are almost constant, ca. 0,7 for EMIBF4 and ca. 0.6 for BPBF4 . Below the melting point, the conductivity ratio decreases slightly with decreasing temperature. This result suggests that a part o f the ion in the molten salts starts to crystallize or associate more pronouncedly. CONCLUSION EMIBF4 and BPBF4 form room temperature molten salts and exhibit wide electrochemical potential window, a high molar conductivity o f 2.8 and 0.57 Scm2m ol'1 at 30°C, respectively. Temperature dependence o f molar conductivity, viscosity and diffusion coefficient do not obey Arrhenius equation, however, it obeys the VTF equation, instead. The correlation between molar conductivity and the reciprocal o f viscosity show good linear relationship. Diffusion coefficients were measured using PGSE-NMR method, and the apparent cation transport numbers o f both ionic liquids are ca. 0.5. These results are applied to the Stokes-Einstein equation and the Nemst-Einstein relation. The Stokes radius is estimated, and the comparison o f ionic conductivity measured by complex impedance method and that calculated modified Nemst-Einstein relation implies the possibility o f ionic association.
